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CONVERSION FACTORS

[SI, International System of units, a modernized metric system of measurement]

Multiply By To obtain
A. Factors for converting SI metric units to inch/pound units
Length
centimeter (cm) 0.3937 inch (in)
millimeter (mm) 0.03937 inch
meter (m) 3.281 foot (ft)
1.094 yard (yd)
Volume
milliliter (mL) 0.001057 quart (qt)
liter (L) 1.057 quart
liter 0.2642 gallon (gal)
Mass
gram (g) 0.03527 ounce (oz avoirdupois)
kilogram (kg) 2.205 pound (1b avoirdupois)
Temperature
degree Celsius (°C) Temp degree F = 1.8 (Temp degree C) + 32 degree Fahrenheit (°F)

B. Factor for converting inch/pound units to SI metric units.

cubic foot per second 3/s)
acre

Volume per unit time (flow)

0.02832
4,047

C. Factors for converting SI metric units to other miscellaneous units

milligrams per liter (mg/L)
nanograms per liter (ng/L)
nanograms per liter

micrograms per kilogram (ug/kg)
micrograms per kilogram (ug/kg)

micrograms per gram (ug/g)

Concentration, in water

1
1
0.000001

Concentration, in bed sediment

1
0.001

Concentration, in tissue

1

cubic meter per second (m3/s)
cubic meter (m°)

parts per million (ppm)
parts per trillion (ppt)
parts per million

parts per billion (ppb)
parts per million

parts per million

Electrical conductivity is measured as specific electrical conductance, in units of microsiemens per centimeter (uS/cm) at 25 degrees

Celsius.
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Sources and Transport of Phosphorus and Nitrogen
During Low-Flow Conditions in the Tualatin River,

Oregon, 1991-93

By Valerie J. Kelly, Dennis D. Lynch, and Stewart A. Rounds

Abstract

In the 1980s, significant nutrient-related
water-quality problems that impacted beneficial
uses were identified in the Tualatin River during
the low-flow summer months, defined as May 1 to
October 31. Nuisance algal blooms resulted in
fluctuations in oxygen concentrations and pH con-
ditions; reduction of phosphorus concentrations
was determined to be the most effective control
mechanism for these conditions. Elevated ammo-
nia concentrations also contributed to low dis-
solved oxygen concentrations. Because standards
for beneficial uses were not being met, the Oregon
Department of Environmental Quality established
Total Maximum Daily Loads (TMDLs) for phos-
phorus and ammonia in the Tualatin Basin, as
required by the Clean Water Act. To provide nec-
essary context for the TMDL process, data were
collected during the period 1991-93 to character-
ize the sources and transport of water, phosphorus,
and major forms of nitrogen in the main-stem
Tualatin River during the summer. A significant
source of water to the river was not accounted for
by surface-water inputs, and was consistent with
direct discharge of ground water to the main-stem
river channel. Ground water is also the primary
source of water for the tributaries during the sum-
mer low-flow season. Because large natural sup-
plies of highly mobile phosphorus exist in the
upper 500 feet of valley-fill sediments throughout
the Tualatin Basin, ground water in the basin is
naturally enriched with phosphorus. While
improvement in wastewater treatment efficiencies

and land management practices have resulted in
significant reductions in nutrient concentrations in
the Tualatin River, phosphorus concentrations
continue to exceed TMDL criterion concentra-
tions. The presence of significant geologic sources
of phosphorus in the basin will confound the
achievement of current TMDL criteria for phos-
phorus in the Tualatin River and its tributaries. In
contrast, natural sources of all forms of nitrogen to
the Tualatin River are insignificant relative to the
effluent from the wastewater treatment plants in
the basin. Efficient wastewater treatment is, there-
fore, an effective means for controlling ammonia
concentrations in the main-stem river.

INTRODUCTION

The Tualatin River is located in northwestern
Oregon and is one of the major tributaries to the Wil-
lamette River. Land use in the Tualatin Basin is gener-
ally characterized by forestland along the perimeter
and agricultural and urban land in the central valley.
When light and temperature conditions are favorable
during the low-flow summer months, large algal
blooms develop in the meandering and sluggish
reaches of the lower river. The biomass of phytoplank-
ton (free-floating algae), as measured by the concentra-
tion of chlorophyll a, often exceeds 30 pg/L
(micrograms per liter) in the lower river and periodi-
cally exceeds 100 pg/L, surpassing the State of Oregon
action level of 15 pug/L. Excessive growth of phy-
toplankton in the Tualatin River is associated with ele-
vated levels of nutrients, especially phosphorus.

Introduction 1



Elevated nutrient concentrations not only help
create aesthetic algal problems in the main-stem river,
but also contribute to periodically low dissolved oxy-
gen (DO) concentrations when the algal community
dies and sinks to the bottom. Organic matter formed
during algal blooms can rapidly decay, consuming DO
in the water column and periodically dropping DO con-
centrations below the minimum Oregon State standard
of 6 mg/L (milligrams per liter). Large algal blooms in
the lower river also result in periodic supersaturation of
DO, occasionally exceeding 200 percent of saturation.
High pH values frequently coincide with algal blooms
as well. Values exceeding 8.5 (Oregon State standard
for maximum pH) can occur during the summer when
algal uptake of carbon dioxide from the water column
exceeds the rate of replenishment. In addition, the high
pH conditions associated with algal blooms can
increase the toxicity of instream ammonia to aquatic
organisms. Before the wastewater treatment plants
(WWTPs) initiated advanced treatment procedures to
remove ammonia, concentrations of total ammonia
(un-ionized plus ionized ammonia) exceeded 3 mg/L
on occasion during low-flow periods. Elevated concen-
trations of ammonia also contribute to oxygen deple-
tion under certain conditions that favor instream
nitrification (oxidation of ammonia to nitrate).

Because most of these water-quality problems
are related to elevated nutrient concentrations, efforts
to improve conditions in the river have focused on
reducing the loading of nutrients to the river from all
identifiable sources. Nutrient sources to the river
include its tributaries, WWTPs, ground water dis-
charge, tile drains, urban runoff, release from bottom
sediments, and riparian vegetation (primarily leaf lit-
ter). Invoking the Total Maximum Daily L.oad (TMDL)
provision of the Clean Water Act of 1972, the Oregon
Department of Environmental Quality (ODEQ) has
established maximum allowable concentrations of total
phosphorus and ammonia in the main-stem river and
various tributaries, and waste-load allocations for the
WWTP effluents. These regulations are intended to
bring the Tualatin River into compliance with Oregon
State water-quality standards and to ensure protection
of the river’s designated beneficial uses. In 1990, the
U.S. Geological Survey (USGS) entered into a cooper-
ative agreement with the Unified Sewerage Agency
(USA) of Washington County, Oregon, to conduct a
water-quality study of the Tualatin River, with an
emphasis on the sources of phosphorus and ammonia
(and other primary forms of nitrogen) to the river.

Purpose and Scope

The purpose of this report is to characterize the
sources and transport of phosphorus and major forms
of nitrogen in the main-stem Tualatin River during the
low-flow periods of summer, where “summer” is
defined as the period May 1 through October 31. Only
the main-stem river between river mile (RM) 60 and
the mouth is discussed in detail. This analysis of nutri-
ents is based primarily on information collected from
1991 through 1993; data from other years are included
at times to provide a more complete analysis. The
report focuses on nutrients in the main-stem river; con-
sequently, inputs from tributaries and tile drains,
ground water, and WWTP effluent, and losses from
withdrawals are discussed primarily as sources or sinks
of nutrients to the main-stem river.

A close accounting of nutrients entering and
leaving the Tualatin River is needed by planning and
regulatory agencies to design a nutrient-reduction plan
that is attainable and cost effective. Without such an
accounting, nutrient-reduction plans might target rela-
tively small nutrient sources while neglecting larger
sources, which could delay the success of the plan and
greatly increase its cost. Moreover, a thorough evalua-
tion of nutrients entering the river provides perspective
as to which sources might result from human activities
and perhaps be amenable to remediation efforts, and
which sources are probably natural and very difficult to
change. This report provides the data and understand-
ing of the sources of nutrients in the basin necessary to
prepare a sound nutrient management plan, with the
ultimate goal of improving the quality of the Tualatin
River and its aquatic ecosystem.

Electronic records of the streamflow and water-
quality data from this study have been published on
CD-ROM (Doyle and Caldwell, 1996); data are also
available through the U.S. Environmental Protection
Agency’s STORET database.
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DESCRIPTION OF STUDY AREA

The Tualatin River is a major tributary to the
Willamette River and drains an area of 712 square
miles (miz) in northwestern Oregon, on the western
side of the city of Portland metropolitan area (fig. 1).
The basin is bounded by the Tualatin Mountains on the
east and northeast, the Coast Range on the west and
northwest, and Parrett Mountain and the Chehalem
Mountains on the south. The river originates in a steep
forested eastern slope of the Coast Range; for most of
its length, however, the river meanders through a flat
valley plain before emptying into the Willamette River
at West Linn, Oregon. This study focused on the reach
from the confluence with Scoggins Creek at RM 60.0
to Weiss Bridge, near the river’s mouth at RM 0.2.

Physical Setting

The Tualatin Basin trends northwest to southeast
in approximately an oval shape, about 40 miles long
and 20 to 30 miles wide (fig. 1). The boundary of the
basin is nearly contiguous with the Washington County
boundary but includes small portions of Clackamas,
Multnomah, Tillamook, Yamhill, and Columbia Coun-
ties as well. The elevation of the basin ranges from
nearly 3,000 feet above sea level at the western border
in the Coast Range to about 60 feet near the river mouth
in the southeast (Hart and Newcomb, 1965). The dom-

inant topographical feature is the broad and flat plain of
the Tualatin Valley, bounded by the adjacent mountain
slopes.

The major tributaries to the Tualatin River
include Scoggins, Gales, Dairy, Rock, and Fanno
Creeks. These creeks drain most of the basin north of
the main-stem river. The Dairy Creek watershed is the
largest, with a drainage area of 225 mi? or about 30 per-
cent of the total area of the Tualatin Basin; the com-
bined drainage areas for the other four tributaries
account for another one-third of the basin area. The
remainder of the basin is drained by numerous smaller
tributaries, as well as tile drains that collect shallow
ground water and funnel it directly into the river and its
tributaries.

The main-stem river is about 80 miles long and
undergoes significant changes in geomorphology as it
flows from its headwaters toward the mouth (fig. 1). At
the headwaters, the river channel is narrow, about 15
feet wide, and is heavily shaded by dense riparian veg-
etation. The channel alternates between steep riffles
and quiet pools, with an average slope of 74 feet per
mile until it flows out of the Coast Range near RM
55.3.

After the river flows out of the mountains and
enters the valley bottom, the channel widens to 40-50
feet and begins to deepen to about 6-10 feet. The slope
decreases sharply in this reach (RM 55.3-33.3) to an
average of 1.3 feet per mile; water velocity decreases
similarly and the river begins a meandering course. The
streambed is a mixture of clay, occasional outcrops of
bedrock, and soft silts and organic materials that are
subject to transport during high streamflow. The
streambank is susceptible to erosion in many areas;
extensive slumping of the streambank occurs in some
reaches.

Streamflow in the lower river (RM 33.3-3.4) is
sluggish due to a very flat gradient (about 0.08 feet per
mile), compounded by the presence of a low-head
diversion dam at RM 3.4. Water temperatures increase
during the summer as the water moves downstream due
to a reduction in shading and a longer residence time
(Risley, 1997; Risley and Doyle, 1997). The river in
this reach widens to 100-200 feet and is more like a
reservoir, characterized by almost-slack water and an
uneven streambed. Several bedrock sills separate occa-
sional deep pools with depths of 20 to 30 feet. During
the summer, some of these pools undergo thermal strat-
ification that may persist for days or weeks at a time.
Extensive amounts of silt and organic material accu-
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Figure 1. Tualatin River Basin, Oregon.

mulate in the streambed in many areas. In the warm
summer months when streamflow is low, this material
exerts a significant sediment oxygen demand. This sed-
iment oxygen demand results in a significant reduction
in DO concentrations in the water column as well as a
potential influx of nutrients from the decay of organic
material in the sediments (Rounds and Doyle, 1997).

Below the Oswego diversion dam at RM 3.4 to
the river mouth, the channel is relatively constricted
and the gradient increases considerably to an average of
13 feet per mile, resulting in greatly increased water
velocities. This reach is characterized by small pools
and riffles and a streambed composed of exposed bed-
rock, boulders, and cobbles.
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Climate

The Tualatin Basin is characterized by a modi-
fied maritime climate, with seasons clearly defined by
patterns in precipitation. Winters are cloudy and wet,
with most of the storms moving in from the west,
where they accumulate moisture from the Pacific
Ocean. Annual precipitation at Forest Grove, near the
center of the basin, averages about 45 inches per year,
with approximately 80 percent occurring as rain during
the months of November through April. Cloudy skies
predominate during this season as a consequence of the
rainy conditions. In contrast, conditions during the
months May through October are generally dry, with
less than 1 inch of rain typically falling during the mid-
summer months of July and August. Summer skies
tend to be clear and sunny, with light intensity gener-
ally peaking from May through July and gradually
decreasing as the season progresses.

Land Use

Land use in the Tualatin Basin is mostly forest
and agricultural, accounting for more than 80 percent
of the total area. Nearly one-half of the basin is for-
ested, predominantly in the mountainous western
region; timber production from public and private
industrial lands comprises about 20 percent of land use
(Unified Sewerage Agency, 1990). The areas of the
basin dominated by forested land are the upper Tualatin
River subbasin, in the vicinity of the headwaters and
downstream to about RM 65, and the Scoggins and
Gales Creek watersheds.

Agriculture constitutes about one-third of land
use in the basin, and is most prominent on the smaller
hills and in the central valley. Major agricultural uses
include specialty horticulture, fruit and nut orchards,
berries, vegetable crops, small grains, grass seed, dairy
products, and hay. Agriculture is concentrated in the
Tualatin River valley in areas adjacent to the main-stem
river and in the Dairy Creek watershed, as well as por-
tions of the Rock Creek watershed.

Urban land use in the basin is concentrated in the
eastern part of the valley, which includes parts of Port-
land and many of its suburbs. Urban land use in the
western valley is relatively sparse, except in the cities
of Hillsboro and Forest Grove (fig. 1). The areas most
urbanized include the region adjacent to the lower
main-stem river below about RM 10, the Fanno Creek
watershed, and portions of the Rock Creek watershed.
These areas experienced very rapid growth during the
1980-95 period. The total population within the Tual-

atin Basin was approximately 312,000 in 1990, and is
projected to be about 440,000 by 2010 (USA, Wash-
ington County, unpub. data, 1994). Although the
regions of high population density comprise a rela-
tively small percentage of the overall land use in the
basin (less than 15 percent), the effect on water quality
in the river can be significant because of the effect of
municipal wastewater as well as urban runoff.

Soils

Undisturbed soils in the Tualatin valley contain
concentrations of phosphorus that are high relative to
other soils in the United States. Total phosphorus con-
centrations greater than 1,000 mg/kg (milligrams per
kilogram) have been measured in the Dairy Creek sub-
basin, compared to the national mean concentration of
600 mg/kg (Abrams and Jarrell, 1995). Additionally,
relatively high concentrations of phosphorus were
found to be labile or water-extractable, that is, weakly
adsorbed onto the surface of soil particles rather than
embedded in minerals or humic material. Concentra-
tions of soil-solution phosphorus in equilibrium with
sorbed phosphorus were found to range from 0.01 to
0.29 mg/L for soils from upland benches, and from
0.07 to 0.82 mg/L in soils from the central valley
(Abrams and Jarrell, 1995).

Elevated concentrations of phosphorus in the
lowland soils of the Tualatin Basin cause considerable
concern about the effect of erosion. Soils in the valley
plain, characterized by the highest extractable phos-
phorus concentrations and relatively low affinities for
phosphorus, are generally poorly drained and fre-
quently flooded in the winter (Washington County,
1982). These soils are highly susceptible to erosion,
especially when subject to cultivation. Upland soils are
probably less important as potential sources of phos-
phorus to streams in the Tualatin Basin because they
are generally more permeable and undisturbed. None-
theless, these soils may contribute phosphorus to sur-
face waters in the basin if they are eroded from steep
hillslopes after timber harvest.

If soil particles are retained within the system
after they enter the streams, they can rapidly release
dissolved phosphorus to the water column, or they can
settle to the bottom of the channel and release phospho-
rus to the overlying water more slowly over a longer
period of time. Much of the soil phosphorus that is
available for release to water is associated with small-
grained silt and clay particles because they have large
surface areas and tend to be more readily eroded than
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larger silt and sand particles. Soil particles that are
eroded to a stream, therefore, may be significantly
enriched in phosphorus relative to the parent soil. As a
consequence, these enriched stream bottom sediments
may produce equilibrium phosphorus concentrations in
the overlying water that are greater than expected based
on the phosphorus content of the streambank or eroded
field sediment.

Geology

The general shape of the Tualatin River valley is
similar to a bowl; the valley is surrounded by moun-
tains and underlain entirely by Columbia River Basalt,
dating from the middle Tertiary period. This basalt
forms the uppermost consolidated rock or bedrock of
the basin. The basalt layer is dense and resistant, and is
composed of an aggregation of lava flows which vary
in thickness from zero to more than 1,000 feet. The
depth from the surface to the basalt layer ranges from
zero to several feet along the basin boundaries, where
outcrops occur occasionally, to nearly 1,500 feet in the
center of the valley, near Hillsboro.

This “bowl” of basalt is partially filled with
unconsolidated sedimentary material which has been
described in several different ways. The valley fill
deposits were grouped together by Hart and Newcomb
(1965) as undifferentiated Tertiary and Quaternary val-
ley fill. Trimble (1963) distinguished two basic layers:
the lower or pre-Quaternary sediments, which he
termed the “Troutdale Formation and Sandy River
Mudstone equivalent,” and the upper layer of lacustrine
deposits dating from the Missoula Floods during the
Pleistocene. In this report, the sediment layers are clas-
sified according to Madin (1990), who described the
older, deeper deposits simply as the Sandy River Mud-
stone equivalent on the basis of similarity to the Sandy
River Mudstone of Trimble. This material consists of
quartzo-micaceous silts, clays, and fine grained sands
with occasional interbeds of gravel, as well as consid-
erable deposits of woody debris and peat. The upper-
most Missoula Flood deposits are described as the
catastrophic flood deposits, composed of coarse facies
of gravel and fine facies of lacustrine sands, clays, and
silts. These deposits range in thickness from zero feet
around the valley perimeter to about 60 to 100 feet in
the center of the basin (Madin, 1990). In many loca-
tions, this uppermost layer has been cut deeply by the
major tributaries and the main stem of the Tualatin
River. This layer corresponds to the terrace, sand and
silt, and lacustrine deposits of Trimble (1963), and con-

tains very little organic material. The interface between
the two layers, in contrast, is characterized by extensive
amounts of organic matter.

Hydrology

Streamflow in the Tualatin River is responsive to
precipitation in the basin, mainly in the form of winter
rain, and exhibits a distinct pattern of high flow during
the winter and low flow during the summer (fig. 2).
Mean daily streamflows in the Tualatin Riverat RM 1.8
are characterized by a series of peaks ranging from
2,000 to 4,000 ft3/s (cubic feet per second) during the
period November through April (water years 1976-93).
With the end of the rainy season in the late spring,
mean daily flows decrease significantly, and remain
less than 500 ft*/s throughout the summer.

A major factor governing summer streamflow
patterns in the Tualatin River is the release of water
from Henry Hagg Lake, located in the Scoggins Creek
subbasin. Henry Hagg Lake was created behind Scog-
gins Dam, constructed by the U.S. Bureau of Reclama-
tion in the mid-1970s, to satisfy various water rights in
the basin during the summer low-flow season. The
operational plan for Scoggins Dam calls for full-pool
conditions to exist in Henry Hagg Lake by the first of
May of each year. This plan ensures that water in ade-
quate quantities is available for irrigation, drinking,
and flow augmentation during the summer season. The
initiation of flow augmentation via Scoggins Creek
from Henry Hagg Lake in 1976 significantly increased
the streamflow in the river during the summer (fig. 3).
During the late summer (July through September),
mean monthly streamflow increased three- to fivefold.
Since 1987, USA has ordered water releases from
Henry Hagg Lake to maintain a minimum flow of 150
ft*/s at RM 33.3.

Ground water provides the major source of
streamflow to the other tributaries during the summer;
surface runoff is limited because of the scarcity of rain-
fall. Local flow systems, percolating through the cata-
strophic flood deposits filling the valley, are probably
the primary route for discharge of ground water to the
tributaries (Hart and Newcomb, 1965). In general, local
flow systems are characterized by short flow paths
(with residence times on the order of days to years) (fig.
4), and tend to be relatively shallow and responsive to
recharge events. Consequently, ground water in local
flow systems is usually not highly mineralized, and
conditions tend to be oxidizing rather than reducing,
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STREAMFLOW, IN CUBIC FEET PER SECOND

Figure 2. Mean daily streamflow in the Tualatin River, Oregon, at river mile 1.8 (West Linn) for water years 1976-93.

Figure 3. Mean monthly streamflow in the Tualatin River, Oregon, at river mile 1.8 (West Linn) for the period prior to flow
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especially in systems characterized by little organic
material, such as the catastrophic flood deposits in the
Tualatin Basin.

In contrast, the main-stem river below about RM
55 is fed by a combination of shallow and regional
ground water. The regional flow moves through the
deeper strata (Sandy River Mudstone equivalent) and
discharges more toward to the center of the basin.
Flowpaths are relatively long in regional systems, are
well insulated from events on the surface, and generally
are characterized by slow velocities (fig. 4). Residence
times tend to be long as a result, on the order of centu-
ries. In deeper ground-water flow systems that contain
large amounts of organic matter, like the Sandy River
Mudstone equivalent, regional ground water tends to be
more mineralized and more chemically reducing than
shallow ground water.

Four major WWTPs are operated by USA within
the Tualatin Basin, and they vary considerably in size
and impact on streamflow and water quality in the river
(table 1). Two of these plants are small and are located

in the western part of the valley at Forest Grove and
Hillsboro. Treated effluent from these plants is diverted
to irrigated land from May 1-October 31; during the
rest of the year, the effluent is discharged directly to the
river. Primary and secondary treatment is used in these
smaller plants. The two larger plants, at Rock Creek
(RM 38.1) and Durham (RM 9.3), are located in more
densely populated areas, and discharge treated effluent
to the river throughout the year. Primary and secondary
treatment is maintained all year, with advanced tertiary
treatment designed for nutrient removal during the
summer.

One of the smaller surface-water sources to the
Tualatin River is a large natural wetland (approxi-
mately 450 acres) known as Jackson Bottom, located
near the low point of the basin south of Hillsboro. Dur-
ing the summer, treated effluent from the Hillsboro
WWTP (RM 43.8) historically was diverted to wet-
lands at Jackson Bottom for the purpose of enhance-
ment of wetland habitat as well as additional nutrient
removal. To reduce the influence of Jackson Bottom on
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Table 1. Characteristics of effluent discharge for the major wastewater treatment plants in the Tualatin River Basin, Oregon,

during May—October 1991-93

[Map number, see fig. 10; discharge in cubic feet per second (million gallons per day); --, effluent discharge to land; data from Unified Sewerage Agency]

Wastewater Discharge Population Mean daily Minimum Maximum
Map USGS station treatment point served effluent dailyeffluent  daily effluent
number number plant name (river mile) (1990) discharge discharge discharge
33 453037123051700  Forest Grove 55.2 14,000 - - -
34 453040123052000  Hillsboro 43.8 19,100
35 452938122565500  Rock Creek 38.1 135,000 24.1 (15.6) 19.0 (12.3) 43.0 (27.8)
36 452359122454500  Durham 9.3 142,000 23.8 (15.4) 18.3 (11.8) 39.4 (25.5)

the Tualatin River, the acres available for irrigation
were doubled in 1991 and again in 1993. Drainage
from Jackson Bottom into the Tualatin River is prima-
rily via Jackson Slough (RM 43.8) and an unnamed
tributary informally named “Miller Swale” (RM 43.5).
Additionally, in 1989, USA established the Jackson
Bottom Experimental Wetland on about 15 acres in the
eastern portion of the wetland, adjacent to Miller
Swale, to explore the potential for the wetlands to
remove phosphorus and nitrogen from treated waste-
water. The use of the Jackson Bottom Experimental
Wetland was discontinued after the summer of 1992.

The withdrawals from the Tualatin River for irri-
gation and municipal water supply divert a significant
amount of water from the river. Irrigation withdrawals
from the river occur at multiple points. Approximately
25,000 acres are irrigated by surface water in the basin,
with about 10,500 of these serviced by the Tualatin
Valley Irrigation District directly from the main-stem
river by a pipeline at the Springhill Pumping Plant (RM
56.1). In addition, approximately 10,000 acres are irri-
gated directly from the river by individual farmers, pri-
marily between RM 55 and 16.2. Peak withdrawals for
irrigation generally occur during July and August
because the weather is hot and dry and most of the land
has an actively growing crop. Drinking water for the
cities of Hillsboro, Forest Grove, and Beaverton is also
provided from the Springhill Pumping Plant by the
Joint Water Commission. Withdrawals for municipal
use are more constant than withdrawals for irrigation,
although there may be wide diel and day-to-day varia-
tions.

Water is also diverted from the Tualatin River at
RM 6.7 by the Lake Oswego Corporation into a canal
that empties into Lake Oswego. The river is impounded
by a low-head diversion dam located on a natural geo-
logic sill at RM 3.4, which raises the surface elevation
by several feet to allow adequate flow to enter the canal

via gravity. During the summer, when the streamflow is
low, flashboards are installed on the dam to raise the
water level slightly higher. The dam at RM 3.4 affects
water surface elevation in the Tualatin River for nearly
25 miles upstream, and contributes to the distinct reser-
voir-like character of the lower river. The increased
water elevation is most pronounced (about 4-6 feet)
downstream of a natural sill at RM 10; upstream from
this sill, the increase in water elevation is less (about 1—
2 feet). Water velocities are low throughout the lower
river, especially during summer low-flow periods.
Additionally, the streambed is irregular and character-
ized by pools more than 12 feet deep that are inter-
rupted by relatively shallow sills, especially
downstream of RM 12. As a consequence, thermal
stratification can occur in this region of the lower river
during the summer months during periods of high solar
insolation.

WATER-QUALITY ISSUES

During the summer, when streamflow is low and
light and nutrient conditions are favorable for algal
growth, the relatively long residence time in the lower
reservoir-like reach of the river supports the growth of
large populations of phytoplankton. These populations
begin to develop below RM 30, and increase by up to
eightfold (as measured by concentrations of chloro-
phyll @) over the course of the next 25 miles (fig. 5).
Chlorophyll a concentrations reach their maximum in
the lower river, observed at RM 5.5, and exceed 30 pg/
L for long periods during the summer in violation of
the State action level of 15 pg/L (fig. 6). Peaks in chlo-
rophyll a concentrations often exceed 50 pg/L at this
site, and occasionally exceed 100 pg/L. Generally,
extended periods of streamflow less than 300 ft*/s are
necessary for the growth of large algal blooms. When
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flow, light, and nutrient conditions are favorable, these
blooms persist for long periods, sometimes several
months.

Concentrations of DO exhibit a distinct diel
cycle during the summer as a result of algal photosyn-
thesis and respiration. A range of 3 to 5 mg/L. between
minimum and maximum values is commonly observed
in the lower river during the height of an algal bloom
(fig. 7). Supersaturated concentrations of DO can result
from the high rates of photosynthesis and the slow rate
of reaeration; peaks as high as 200 percent of saturation
have been observed on occasion. When skies are over-
cast, however, phytoplankton populations decline sub-
stantially, resulting in a precipitous drop in concentra-
tions of both chlorophyll @ and DO. As a consequence,
violations of the Oregon State minimum DO standard
of 6 mg/L (the standard in effect during the 1991-93
period) periodically occur in the lower river (fig. 7). For
example, in July 1991, chlorophyll a concentrations
dropped from greater than 120 to less than 10 pg/L in
one week; these values were associated with a concom-
itant reduction in maximum DO concentrations from
21 to 5.6 mg/L during the same period. Inriver nitrifica-
tion can also contribute to oxygen depletion when
WWTP ammonia loads are large and water tempera-
tures are warm enough to stimulate the growth of nitri-
fying bacteria.

The effect of algal decline and nitrification on
DO is augmented by sediment oxygen demand result-
ing from bacterial decay of the organic-rich bottom
sediments, a major sink for DO in the Tualatin River
(Rounds and Doyle, 1997; Rounds and others, 1999).
Several interacting factors are involved: First, the

reduced rate of streamflow in the lower river during the
summer increases the exposure of the overlying water
column to the sediment, both in terms of exposure time
and the ratio of water volume to bottom surface area.
Second, the effect of sediment decay is compounded by
warm water temperatures characteristic of the summer,
often greater than 20° C, which support rapid growth
and metabolism of benthic bacterial communities.
Finally, the rate of reaeration from the atmosphere is
low as a result of the sluggish water velocities.

Other water-quality issues in the Tualatin River
include excessively high pH and potential ammonia
toxicity. Under algal bloom conditions (low stream-
flow, sunny skies, and the coincident warm water tem-
peratures), pH values increase in the lower river and
occasionally violate the Oregon State maximum pH
standard of 8.5 (fig. 8). Depletion of carbon dioxide
from the water column by the high rate of algal growth
is exacerbated by the low reaeration rate, which limits
the replenishment of carbon dioxide from the atmos-
phere. Ammonia toxicity becomes a problem when
inriver concentrations of ammonia increase to about 2
mg/L. The amount of ammonia (NH; + NH,*) that is
not ionized (NH;) depends upon pH and water temper-
ature, and poses a threat to aquatic organisms, espe-
cially fish, under certain conditions. This situation can
occur during an algal bloom when there is incomplete
nitrification of ammonia in the WWTPs. Concentra-
tions of ammonia at RM 8.7, just below the Durham
WWTP, occasionally exceeded 1.5 mg/L under sum-
mer flow conditions during 1991 and 1993, and once
exceeded 3 mg/L (fig. 9). On several occasions, the cal-
culated values for concentrations of un-ionized ammo-
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Figure 6. Concentrations of chiorophyll a in the Tualatin River, Oregon, at river mile 5.5 and streamflow at river mile 1.8
during May-October 1991-93.
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nia at this site exceeded the U.S. Environmental
Protection Agency toxicity criteria for 4-day average
concentrations (U.S. Environmental Protection
Agency, 1986) (fig. 9).

The Tualatin River was listed in 1984 and 1986
as “Water-Quality Limited” by the Oregon Department
of Environmental Quality (ODEQ) in response to the
Federal Clean Water Act. The rationale for the listing
was nuisance algal blooms and low concentrations of
DO. Total maximum daily loads (TMDLs) were devel-
oped for total phosphorus and ammonia in the Tualatin
River by the ODEQ in September 1988 (Oregon
Department of Environmental Quality, 1997). The
phosphorus TMDL was designed to limit the growth of
algae in the river, and thereby protect the aesthetic
qualities of the river and reduce the exceedances of the
pH standard. The TMDL for ammonia was designed to
reduce oxygen demand within the river by limiting the
extent of inriver ammonia nitrification.

In response, the designated management agen-
cies in the basin, including USA, the various counties
and cities in the basin, and the Oregon Departments of
Forestry and Agriculture, developed management
plans to meet the TMDL load allocations. Between
1988 and 1990, USA upgraded the Rock Creeck WWTP
to meet its point-source wasteload allocation for
ammonia and total phosphorus. In 1992, a pilot project
was implemented at the Durham WWTP that allowed
it to meet its wasteload allocation for both ammonia
and total phosphorus that year. During 1993, the per-
manent upgrades were being installed at the Durham
WWTP; as a consequence, the wasteload allocations
were not met at the Durham WWTP until construction
was complete in 1994. In addition to the point-source
reductions, Best Management Practices were devel-
oped by the designated management agencies in an
attempt to meet the nonpoint-source total phosphorus
TMDL by minimizing the delivery of total phosphorus
to the streams in the basin.

METHODS OF STUDY

The sampling approach was designed to quantify
the sources and transport of nutrients in the Tualatin
River during summer low-flow conditions. Complete
documentation of sampling sites, streamflow measure-
ment, and techniques of field-measurement, sampling,
and laboratory analysis are provided in Doyle and
Caldwell (1996).

Streamflow and Withdrawals

Streamflow sites were chosen at key locations in
the basin to describe major inputs and withdrawals of
water throughout the length of the main-stem river (fig.
10). Continuous streamflow gaging stations were main-
tained at 5 main-stem river sites and 4 major tributary
sites (table 2). In addition, Oregon Water Resources
Department (OWRD) maintained gaging stations at
Rock Creek and Chicken Creek; staff gages were
located at these stations, and periodic discharge mea-
surements were made by OWRD personnel to develop
rating tables. Incidental gage height readings at these
sites were made concurrent with the collection of
water-quality samples and reflect instantaneous
streamflow. Streamflow in Jackson Slough and Miller
Swale was measured at the time of sample collection
using a pygmy flow meter. Streamflow in other selected
tributaries was based on biweekly to monthly stream-
flow measurements, with intermittent values estimated
by hydrographic comparison with similar streams in
the basin. Daily mean effluent discharge data from the
two large WWTPs (Rock Creek and Durham) were
provided by USA from continuous discharge monitors;
during the summer low-flow season, effluent from the
smaller WWTPs was diverted to land for irrigation pur-
poses.

Large withdrawals of water occur at the Spring-
hill Pumping Plant (RM 56.1), and at Oswego Canal
(RM 6.7) (table 2). Withdrawals of water by Tualatin
Valley Irrigation District at the Springhill Pumping
Plant were monitored by an acoustic velocity meter;
measured values were used directly in this study.
Streamflow in the Oswego Canal was measured by
OWRD.

Measurements of the volume of water with-
drawn by direct pumping from the main-stem river for
irrigation were not available. Estimates of these with-
drawals were calculated based upon the observed ratio
between the rate of water withdrawal and the number
of acres irrigated by pipeline from the Springhill
Pumping Plant. It was assumed that this ratio was sim-
ilar for all the acreages with water rights within the
basin. Two groups of water rights were identified: those
defined by permits from Tualatin Valley Irrigation Dis-
trict, and those administered by OWRD (Watermaster
District 19). The calculations assumed that 100 percent
of Tualatin Valley Irrigation District acres and 50 per-
cent of OWRD acres were irrigated with Tualatin River
water (Jerry Rodgers, OWRD, oral commun.,1992).
For the purpose of the water budgets, the water vol-
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Urban area
River mile

River site

1 Tualatin River at Dilley (RM 58.8)

2 Tualatin River at Golf Course Road
near Cornelius {(RM 51.5)

3 Tualatin River above Jackson Bottom
near Hillsboro (RM 44.4)

4 Tualatin River at Rood Bridge at
Hillsboro (RM 38.4)

5 Tualatin River at Meriwether
irrigation pump (RM 36.8)

6 Tualatin River at Farmington (RM 33.3)

7 Tualatin River at Highway 210 bridge
near Scholls (RM 26.9)

8 Tualatin River near Scholls (RM 23.2)

9 Tualatin River at Elsner Road near
Sherwood (RM 16.2)

10 Tualatin River near Highway 99W
bridge near King City (RM 11.7)

11 Tualatin River at Boones Ferry Road
at Tualatin (RM 8.7)

12 Tualatin River at Stafford Road near
Lake Oswego (RM 5.5)

13 Tualatin River at West Linn (RM 1.8)

14 Tualatin River at Weiss Bridge (RM 0.2)

15, Tributary site

15 Scoggins Creek at Old Highway 47
(RM 60.0)

16 Gales Creek at Route 47 at Forest
Grove (RM 56.7)

17 Dairy Dreek at Highway 8 near
Hillsboro (RM 44.8)

18 Jackson Slough at mouth near
Hillsboro (RM 43.8)

19 Unnamed tributary near Hillsboro (RM 43.5)

20 Rock Creek near Hillsboro (RM 38.1)
21 Butternut Creek at River Road near
Farmington (RM 35.7)

22 Christensen Creek near Farmington (RM 31.9)

23 Burris Creek near Farmington (RM 31.6)

Figure 10. Tualatin River Basin, Oregon, with water-quality sampling sites.
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24 McFee Creek near Scholls (RM 28.8)
25 Baker Creek near Scholls (RM 28.2)
26 Chicken Creek near Sherwood (RM 15.2)
27 Rock Creek (South) near Sherwood
(RM 15.2)
28 Fanno Creek at Durham (RM 9.3)
29 Nyberg Creek at Tualatin (RM 7.5)

329 Withdrawal site
30 Springhill Pumping Station on
Tualatin River (RM 56.1)
31 Joint Water Commission Plant (RM 56.1)
32 Oswego Canal near Lake Oswego
(RM 6.7)
33‘ Discharge site
33 Forest Grove Wastewater Treatment
Plant at Forest Grove (RM 55.2)
34 Hillsboro Wastewater Tratment Plant at
Hillsboro (RM 43.8)
35 Rock Creek Wastewater Tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>